Gene expression can be noisy 1-3 , as can the growth of single cells 4,5 . Such cell-to-cell variation has 7 been implicated in survival strategies for bacterial populations 6-8 . However, it remains unclear 8 how single cells couple gene expression with growth to implement these survival strategies. Here 9
genes 14 . The housekeeping sigma factor, σ 70 , promotes the transcription of genes responsible for 24 growth, for instance ribosomal genes 15 . On the other hand, rpoS up-regulates stress response genes 9 25 ( Fig. 1a ). It is strongly up-regulated in the transition from exponential to stationary phase when cells 26 are starved for resources 16 . Populations in exponential phase have been shown to express small 27 amounts of functional rpoS 17, 18 . However, these studies were of bulk cultures, which can mask single 28 cell phenotypes. 29 We therefore first asked the question: How is this small rpoS expression in exponential phase 30 distributed amongst single cells? It could be that all cells have basal levels of rpoS or some cells could 31 express the majority of the rpoS. To answer this question we grew cells in bulk culture into 32 exponential phase and examined aliquots of the culture with single cell resolution under a 33 microscope 10 (see Fig. 1b , and Methods). As a proxy for rpoS we used a transcriptional reporter with 34 a promoter from an rpoS-responsive gene fused to GFP: P bolA -GFP 15, 19 . By computing histograms of 35 mean rpoS level per cell we discovered that rpoS is heterogeneously distributed amongst single cells 36 ( Fig. 1c ). To test our conclusion we carried out the same liquid culture assay on an rpoS-knockout 37 (∆rpoS, Fig. 1c ). The characteristic long tail of the heterogeneous WT distribution vanished in the 38 knockout strain, with gene expression levels near background. We found similar behaviour when 39
alternative reporters for rpoS were tested (Sup. Fig. 1 ) 15 . To test whether the long-tail was specific to 40 rpoS, we examined σ 70 reporters. The distributions of σ 70 levels in WT populations had less pronounced long-tails due to the higher abundance of σ 70 in cells and did not change significantly in 42 ∆rpoS (Sup. Fig. 2) 15 . 43 We next investigated the mechanism by which the rpoS distribution is produced. Reasoning that 44 the distribution is due to a dynamic equilibrium, not a fixed subpopulation, we tracked single cells 45 over multiple generations using time-lapse microscopy 10 and the Mother Machine microfluidic 46 device 11 (Fig. 2a, Methods) . Indeed, we found rich dynamic rpoS activity (see Methods). Some cell 47 lineages have high rpoS activity pulses lasting multiple generations while others have very small 48 pulses (Fig. 2b, Methods) . We found a long-tailed distribution of pulse heights supporting the idea 49 that the long-tailed liquid culture distribution is generated by cells pulsing rpoS on to different levels 50 ( Fig. 2c ). We chromosomally integrated the P bolA -GFP reporter and found a similar consistency 51 between bulk culture and microfluidic experiments suggesting the dynamics did not arise due to 52 plasmid segregation noise (Sup. Fig. 3a-c) . However, the fluorescence signal was very dim, thus we 53 proceeded with the plasmid-based reporter. 54 We further observed rich dynamics in the growth rate of single cells (Fig. 2b, Methods) . The 55 sample lineages illustrate that cell growth slows down when rpoS activity is high. This relationship 56 was quantified as a large negative value near zero time-shift in the cross-correlation of growth rate 57
and rpoS activity ( Fig. 2d , Sup. Fig. 3e , Methods). The strong anti-correlation suggested that growth 58 rate should also be widely distributed, which is what we observed ( Fig. 2e , Sup. Fig. 3d, 4b ). 59
However, the ∆rpoS strain also had a wide growth rate distribution suggesting growth rate is 60 intrinsically heterogeneous 4 ( Fig. 2e ). Furthermore, σ 70 activity was positively correlated with growth 61 rate suggesting it is related to this intrinsic variability (Sup. Fig. 4a ). 62 We propose a coupled molecular and physiological model to explain our observations. First, we 63
propose the intrinsic variability in growth rate arises due to stochastic molecular reactions that 64 promote growth. Second, rpoS molecules repress growth and growth dilutes rpoS. This results in the 65 anti-correlation between growth rate and rpoS. 66
To test our proposal we constructed a mathematical model. For simplicity, we chose to model 67 two molecular species, growth factor (γ) and rpoS (r). We used a stochastic Gillespie simulation for 68 the reactions. Both were assumed to be produced by zeroth order reactions and degraded by first 69 order reactions ( Fig. 2f , see Methods for details). The reactions occurred in a cell, which grew at 70 deterministic time intervals. As the cell volume increased molecule concentration was diluted. The 71 growth rate at each deterministic time step explicitly depended on the most recent γ and rpoS 72 concentration via the product of Hill functions (Fig. 2f ). The Hill function for γ rose with 73 concentration while that for rpoS decreased. This captured the promoting and repressing effects on 74 growth rate of the two kinds of molecules, respectively. 75
This coupled molecular and physiological simulation can be summarized as a mutual inhibition 76 feedback between rpoS and growth rate 20 (Fig. 2f ). Using a coarse-grained exploration of the 77 parameter space we found parameters for the stochastic simulation and Hill functions which 78
reproduced the WT and rpoS-knockout experimental growth distributions ( Fig. 2i ) as well as the 79 population growth rate. With these parameters set, the model then produced a long-tailed 80 distribution of rpoS pulse heights, which decreased in prominence when the negative rpoS feedback 81 on growth rate was removed in silico (Fig. 2g ). The model also captured the rich single-cell rpoS and 82 growth dynamics observed ( Fig. 2j ), as well as the anti-correlation between growth rate and rpoS 83 ( Fig. 2h ). 84 We tested our understanding of the feedback model by perturbing population growth rate. As 85 population growth rate is reduced, rpoS levels should increase due to decreased dilution ( Fig. 3a) . 86
We reduced population growth rate by reducing culture temperature, using reduced quality media, 87 or combinations of the two (see Sup. Tab. 2) and imaged single cells from bulk cultures (see 88
Methods). Indeed, rpoS levels increased with decreasing population growth rate ( Fig. 3b ). 89
The ability of rpoS to reduce growth rate could decrease with population growth rate due to 90 globally reduced rates of transcription 21, 22 . On the other hand, rpoS efficacy could remain constant, 91 or even increase, allowing rpoS to control a greater portion of transcription. We used the model to 92 distinguish between these possibilities. We modelled a reduction in population growth rate by 93 decreasing g max (see Methods). The effect of rpoS on growth rate could scale with this maximum 94 growth rate, reflecting a constant rpoS efficacy, or remain fixed, reflecting an attenuated rpoS 95 efficacy. We modelled the former by keeping f constant in the rpoS Hill function as g max was varied. 96
The latter was done by keeping the product f•g max constant, thereby flattening the repressive Hill 97 function ( Fig. 3c, Methods) . 98
Comparing the theory to experiments, we found rpoS efficacy reduced with population growth 99 rate. Using the Mother Machine assay and reduced culture temperatures we experimentally 100 observed a convergence of the growth rate distributions of WT and ∆rpoS populations ( Fig. 3e , Sup. 101 Fig. 5b ). We found that the constant efficacy model overestimated the effect of rpoS on single-cell 102 growth rate as population growth rate was reduced ( Fig. 3d , e Sup. Fig. 5a , b), whereas the reduced 103 rpoS efficacy model faithfully represented reality ( Fig. 3e , f, Sup. Fig. 5b , c). Additionally, the reduced 104 efficacy model captured the increasing levels of rpoS at reduced population growth rates ( Fig. 3b ). 105
The rpoS regulon allows cells to survive a variety of environmental stresses, for instance 106 oxidative stress 9,17,23 . To test the function of heterogeneous rpoS expression, we assayed the survival 107 of exponential phase cells against hydrogen peroxide (H 2 O 2 ). We used a short, intense pulse of stress 108
to study the effect of rpoS already present in the bacteria, as opposed to the well-studied stress-109
induced rpoS response 17 . Using the Mother Machine we allowed cells to grow in fresh media, briefly 110 switched to media containing H 2 O 2 , and then back to fresh media ( Fig. 4a , see Methods for details). 111
The population of cells that survived the stress upregulated rpoS approximately three hours prior to 112 the stress (Fig. 4b ). Consistent with literature 17 , rpoS knockout populations had a reduced survival 113 fraction compared to WT (Fig. 4f ). 114
Intriguingly, the surviving population also had reduced growth rate prior to the stress ( Fig. 4c ). 115
Using the Receiver Operating Characteristic (ROC) curve we found that both rpoS activity and growth 116 rate immediately preceding stress application are strong predictors of survival ( Fig. 4d and  117 Methods). This suggested two alternative hypotheses; either rpoS directly causes the survival 118 phenotype, or it acts by first reducing growth rate, which in turn allows cells to survive the stress 119 ( Fig. 4e ). 120
To distinguish between the two hypotheses, we noted the fraction of cells growing slower than 121 the optimal threshold for survival increased for both WT and ∆rpoS populations as population 122 growth rate decreased ( Fig. 4d , Methods, Sup. Fig. 5b ). If rpoS directly caused survival, then the 123 difference in survival fraction between WT and ∆rpoS populations should increase at reduced 124 temperature due to the increased rpoS present in WT cells ( Fig. 3b ). On the other hand, if growth 125 rate was causing survival, the difference should decrease. We tested this experimentally by a bulk 126 culture Colony Forming Units (CFU) stress assay (see Methods) and found the latter (Fig. 4f ). 127
Furthermore, we observed rpoS-knockout cells that survived in the Mother Machine assay at 37 o C 128 also down-regulated growth prior to stress (Sup. Fig. 6 ). This prompted the question: What is the 129 role of rpoS at fast population growth rates? 130
To answer this question we analysed periods when cells were growing slower than the optimal 131 threshold for survival ( Fig. 4g ). The role of rpoS is to prolong the duration of these slow growth 132 events. We observed this as a higher frequency of long duration slow growth events in WT 133 compared to ∆rpoS ( Fig. 4h , Sup. Fig. 3f ). The frequency with which cells attempt to grow slowly for 134 any duration is similar for WT and ∆rpoS populations (Sup. Fig. 7a, 3g ). The rpoS-growth feedback 135 model captures this dynamic rpoS phenotype (Fig. 4i , Sup. Fig. 7b ). 136
Slow growth mediated by rpoS has been implicated in the closely related persistence 137 phenomenon 24 . Persister cells are slow growing cells in a clonal population of otherwise fast growing 138 cells that can survive transient antibiotic treatment 6,7 . However, sudden downshifts in nutrient 139 quality can generate nearly homogenous persister populations that are characterised by 140 upregulation of the rpoS regulon 24 . We wondered if the heterogeneously generated surviving cells 141
we observed were in fact persisters. There are several key differences. First, cells surviving oxidative 142 stress were able to grow ~30x faster than persisters 7,24 . These survivors also occurred several orders 143 of magnitude more frequently 7 . Finally, the small molecule ppGpp has been implicated in the 144 production of heterogeneous persister cells 25 . We found that cells devoid of the ppGpp synthase, 145
relA 26 , exhibited similar long-tailed rpoS distributions as wild type cells (Supp. Fig. 8 ), further 146 distinguishing rpoS survivors from persisters. 147
Despite these differences, the two phenomena may be connected. Exposure to antibiotics can 148 enhance subsequent survival against acid stress, a response mediated by rpoS 27 . Perhaps E. coli 149 experienced antibiotic stress simultaneously with harsh environments in its evolutionary history. 150
Cells able to coordinate persistence with the rpoS survival strategy revealed here would out-151 compete uncoordinated cells. 152 We combined theory and experiments to reveal how mutual inhibition of rpoS and growth can 153 generate a rich, dynamic phenotype. Our coupled stochastic molecular and cell growth model 154 provides a platform to explore more detailed mechanistic models. We have also demonstrated how 155
the predictions of such a theory can be fruitfully compared to quantitative single-cell data. The 156 active degradation of rpoS by proteases 9 and the promotion of anti-σ 70 , rsd, by rpoS 28 are two 157 mechanisms that could provide greater agreement between theory and experiments. We therefore 158 anticipate more functional phenotypic variability will be revealed by this approach. 159 
Methods

206
Population growth rate perturbation 207 Cells were grown from glycerol stocks using the modified media and temperature into exponential phase.
208
Optical density measurements were taken after cells were diluted and grown up to exponential phase for 209 imaging.
210
Mother Machine movies 211 Cells were grown from glycerol stocks as above. They were concentrated by centrifugation (4,000 rpm for 10 212 min) and injected into the Mother Machine devices. A second centrifugation step for 5 min at 4,000 rpm using 
where l is cell length as above, m is mean fluorescence, and p is an adjustable parameter accounting for 258 photobleaching of GFP. We set p = 0.1.
259
Cross-correlation 260
The normalized cross-correlation between growth rate and promoter activity was computed as follows:
where g is growth rate, A is promoter activity, ∆t, is the time difference between the two signals, overbars 262 indicate averages over time, and c is the auto-correlation:
where a is either promoter activity or growth rate.
264
Survival assay
265
Mother Machine assay 266 Cells were loaded into the Mother Machine as above. Cells were allowed to grow in fresh media for 10 hours, 267 then exposed to 35 mM H 2 O 2 for 35 minutes and then supplied with fresh media again for at least 12 hours.
268
The media was switched with a Fluigent 2-switch or M-switch (Fluigent, France). Two 35 minute pulses of 3 to 269 12 mM propidium iodide were supplied with the second round of fresh media and the cells were imaged in the 270 RFP channel to observe DNA chelation of dead cells. This approach was not robust for identifying survivors and 271 dead cells. Thus the movies for each mother cell were manually curated to determine survival using solely the 272 phase contrast channel. If the cell began growing post-H 2 O 2 treatment and before the movie ended, it was 273 counted as a survivor. Ambiguous cases were excluded from the tally (WT, 14% of cells excluded, ∆rpoS, 5%), 274 however including these cells in the survival fraction calculation did not change the results. 
where ∆L is a fixed length the cell must add before it can divide. The numbers of molecules in the cell were 302 determined by a standard Gillespie stochastic simulation algorithm 12 that ran between the deterministic steps 303 of the growth model. Two molecular species rpoS, r, and growth factor, γ, were modelled. They were 304 generated with zeroth order constitutive production and first order degradation reactions: . At division the number of molecules were simply divided in half and rounded to the closest integer 308 lower than the quotient:
The concentration of the molecular species was the number of species divided by cell length (volume):
310
Growth rate was a function of the concentration of the two molecular species generated most recently by the 311 Gillespie algorithm:
where g max is the maximum growth rate; f represents the lowest growth rate can be reduced to in the limit of 313 infinite rpoS concentration; h γ and h r are the values of growth factor and rpoS leading to half-maximal growth, 314 respectively; and n γ , n r are the Hill coefficients. Growth factor was considered a downstream target of σ 70 so n γ 315 was positive, while n r was chosen to be negative to capture the repressive effect of rpoS on growth. Growth 316 perturbation simulations were implemented by varying g max , while all other parameters were kept constant.
317
However, in the reduced rpoS efficacy model the parameter f was increased to keep the product f•g max 318 constant. See Sup. Table 3 for parameter values used and Sup. Mat. for the pseudo code of the algorithm. high rpoS levels present in the WT is absent in the knockout. 414 Schematic illustrating effect of reduced population growth rate. rpoS is concentrated due to lower 435 dilution by growth rate. However, its effect on growth rate could diminish at low population growth 436 rate. b, Median rpoS levels in liquid culture (± std dev, mean growth rate ± std dev, at least two 437 biological replicates, see Sup. Tab. 2 for details) and scaled rpoS concentration from simulations as 438 functions of population growth rate. Dashed lines are exponential fits. Scaling factor (0.29) was 439 found by minimizing root-mean-square error between the fits over the range of observed growth 440 rates ± 20% (0.29 to 1.6/hr). c, Hill functions of growth rate as functions of rpoS concentration used 441 in simulations. Fast population growth corresponds to simulation matching experimentally observed 442 growth rate at 37 o C ( Fig. 2e, i) . The constant and reduced efficacy models behave differently in the 443 large rpoS concentration limit as population growth rate is reduced. 
